Objective-To assess whether weight loss improves markers of peripheral artery disease and vascular stenosis.
INTRODUCTION
The ankle-brachial index (ABI) is commonly used for the diagnosis of peripheral arterial disease (1) and is an independent marker of cardiovascular disease (CVD) (2) (3) (4) . Individuals in the lower tail of the ABI distribution, specifically with values <0.90 or <0.95, are classified as abnormal and considered to be at risk for peripheral artery disease, requiring further work-up for diagnosis. Those in the upper tail of the ABI distribution have been described as having non-compressible arteries or medial calcinosis in lower extremities and have been ignored in many discussions of ABI; however, relatively high values also signal increased CVD risk (5, 6) and mortality (1, 3, 7) . Cutpoints of >1.30 (5, 6) , >1.40 (3, 7) , and >1.50 (2, 4) have been variously used to define this upper tail.
There is growing evidence that, beyond ABI, other differences in systolic pressures among arterial sites (e.g. between left and right arms) may also be markers of atherosclerosis (9) (10) (11) . ABI evaluations are based on systolic blood pressure measurements taken from six arterial sites (right and left brachial, dorsal pedis, and posterior tibial arteries), which provide us opportunity to assess whether inter-artery differences in systolic blood pressure may be influenced by an intensive lifestyle intervention for weight loss.
While obesity is a strong risk factor for abnormal ABI (8, 12) , it is not known whether weight loss in overweight and obese individuals with diabetes is effective in reducing its prevalence or in reducing measures of inter-artery systolic blood pressure differences.
METHODS AND PROCEDURES
The Action for Health in Diabetes (Look AHEAD) is a multi-center randomized clinical trial that enrolled 5,145 overweight or obese volunteers with type 2 diabetes between June 2001 and March 2004 (13) . Its primary goal was to assess the long-term effects on CVD outcomes of an intensive lifestyle intervention (ILI) program designed to achieve and maintain weight loss by decreased caloric intake and increased physical activity. Participants were randomly assigned by center, with equal probability, to ILI or the control condition of diabetes support and education (DSE).
The ILI included diet modification and physical activity and was designed to induce at least an average 7% weight loss at year 1 and to maintain this weight loss in subsequent years (14) . Its participants were assigned a calorie goal (1200-1800 based on initial weight), with <30% of total calories from fat (<10% from saturated fat) and a minimum of 15% of total calories from protein. The physical activity goal was ≥175 minutes per week of activities similar in intensity to brisk walking. Behavioral strategies included self-monitoring, goal setting, and problem solving. Participants in ILI were seen weekly for the first 6 months and 3 times per month for the next 6 months, with a combination of group and individual contacts. During years 2-4, participants were seen individually at least once a month, contacted another time each month by phone or e-mail, and offered a variety of centrallyapproved group classes. DSE participants were invited to three group sessions each year (15) . These used standardized protocols with focus on diet, physical activity, or social support. Information on behavioral strategies was not presented and participants were not weighed.
At enrollment, Look AHEAD participants ranged in age from 45-76 years and had a body mass index ≥25 kg/m 2 , or ≥27 kg/m 2 if taking insulin. Other inclusion requirements included a source of medical care, blood pressure <160/100 mmHg (treated or untreated), HbA1c <11%, plasma triglycerides <8.0 mmol/L (600 mg/dl), and willingness to accept random assignment. Potential volunteers judged to be unlikely to be able to carry out the components of the weight loss intervention were excluded.
Data Collection Protocol for Peripheral Artery Disease Risk Factors
Standardized interviewer-administered questionnaires were used to obtain data on demography and medical history. History of cardiovascular disease was defined by selfreport of prior myocardial infarction, stroke, coronary or lower extremity revascularization, carotid endarterectomy, or coronary bypass surgery. For calculating body mass index (ratio of weight to height squared), weight was measured in replicate on a digital scale and standing height was determined in replicate with a standard stadiometer. Seated blood pressure was measured twice with an automated device using a common protocol and certified staff. Hypertension was defined as systolic blood pressure ≥140 mmHg, diastolic blood pressure ≥90 mmHg, or use of anti-hypertensive medications. Hyperlipidemia was defined as LDLcholesterol >3.37 mmol/L (130 mg/dL) or use of lipid-lowering medications. A maximal graded exercise test was administered (16) . Fitness was measured as the estimated metabolic equivalents (METS) at 80% maximal heart rate: 4 METS approximates walking on flat ground at just under 4 miles per hour. Additional details have been published previously (13) .
Ankle-Brachial Blood Pressures
Ankle and brachial blood pressures were measured at baseline and at each of four annual examinations by trained staff who were masked to intervention assignment. During enrollment, Look AHEAD transitioned through three measurement protocols in an effort to balance the need to streamline ABI data collection with that of obtaining valid data. The most labor-intensive protocol involved three replicate systolic blood pressure measurements at the right arm, left arm, right dorsalis pedis, right posterior tibial, left dorsal pedis, left posterior tibial, and a repeat of the measurements from the original arm (a total of 18 separate measurements). This protocol was used only at baseline for 541 participants. A second protocol involved two replicate measurements from the right arm, left arm, right dorsalis pedis, right posterior tibial, left dorsalis pedis, and left posterior tibial (12 total measurements), and was used only at baseline only for 343 participants. The final protocol involved a single measurement at the right arm, left arm, right dorsalis pedis, right posterior tibial, left dorsalis pedis, and left posterior tibial, and a replicate measure at the arm with the highest initial systolic blood pressure (7 total measurements). This protocol was used for 4259 participants at baseline and for all follow-up measurements on the full cohort. The measurement protocols were used in successive cohorts of enrollees; data from these cohorts were pooled for analysis. Measurements were obtained by trained and certified study personnel using a continuous wave Doppler with a 5-8 mHz probe for ankle pressures and a standard mercury sphygmomanometer for brachial pressures. Our analyses are based on the average of systolic blood pressure measurements at each arterial site.
Leg-specific ABI was calculated according to a standard algorithm reported in guidelines from the American Heart Association (1) in which the ABI for each leg equals the ratio of the higher of the two ankle systolic blood pressure measurements (posterior tibial versus dorsal pedis) divided by either the average of the right and left brachial artery pressures, or if there is a discrepancy ≥10 mmHg in systolic blood pressure values between the two brachial values, the higher of the two brachial values. Cutpoints of 0.90 and 1.40 were used to define low and high ABI (7) . The three different measurement protocols used at baseline would be expected to yield slightly different ABI values (17) ; these differences are minor (i.e. resulting in differences in ABI of <0.03) and will be ignored in our analyses. All follow-up ABIs are calculated from systolic blood pressure measurements using the same protocol.
Statistical Analysis
The prevalence of leg-specific low and high ABI over time between intervention groups was compared using generalized estimating equations with adjustment for baseline status. Alternative analytical approaches (Markov and time-to-event models) produced similar results and are not reported. We also examined two other measures of inter-artery differences in systolic blood pressure: the maximum difference among the four ankle sites and the absolute difference between left and right arms. Generalized linear models were used to compare mean differences in these measures over time between intervention groups, with adjustment for baseline differences. For both the analyses of prevalence and mean differences, a first order autoregressive model was used for longitudinal correlations. The consistency of differences between interventions with respect to measures was examined for subgroups based on gender and baseline history of cardiovascular disease, body mass index, age, and smoking history using tests of interactions. Table 1 describes the 5,018 (97.5%) participants, of the 5,145 randomized, who contributed follow-up ABI, with respect to baseline risk factors for peripheral arterial disease. Good balance in the distribution of these factors between intervention groups was achieved with the trial's randomization, with the least balance being a difference in mean systolic blood pressures between groups of 1.2 mmHg (p=0.02). The distribution of ABI and other measures of inter-artery differences in systolic blood pressure were similar between groups.
RESULTS
The ILI participants included in this report lost an average of 8.5% (standard deviation 7.3%) of their body mass index at Year 1, compared to 0.7% (4.8%) for DSE participants. At Years 2-4, mean losses were 6.4% (7.3%), 5.1% (7.8%), and 4.1% (10.0%) for ILI participants compared to 1.0% (6.4%), 1.0 % (7.3%), and 0.5% (10.2%) for DSE participants. Differences between groups were highly significant (p<0.0001) through all four years of follow-up. Table 2 presents the prevalence of individuals with a least one low or high leg-specific ABI over follow-up by intervention assignment. At baseline among individuals assigned to DSE, 3.79% had at least one low leg-specific ABI compared to 3.62% in the ILI group. At year 4, these prevalences were 3.86% versus 2.74%. At baseline, the prevalence of individuals with at least on leg-specific ABI>1.40 were 5.23% (DSE) and 5.14% (ILI). The prevalence of high ABI increased over time in both the ILI and DSE groups, rising to 8.16% (DSE) and 7.93% (ILI) at year 4. The mean (SD) maximum differences in systolic blood pressure among ankle sites increased over time in both groups, from 19.5 (15.7) mmHg to 21.1 (16.5) mmHg among DSE participants and from 19.4 (13.8) mmHg to 20.3 (15.7) mmHg among ILI participants. The correlations that these had with baseline maximum differences were r=0.28 at Year 1 and declined to r=0.20 at year 4. Changes in mean (SD) absolute differences systolic blood pressures between arms over time were less pronounced. The correlations with baseline absolute differences between arms ranged from r=0.04 to r=0.08 over time. Table 3 summarizes differences in the four measures of inter-artery differences between intervention groups overall, and within subgroups, and reports results of inferences. After covariate adjustment for baseline status, the prevalence (standard error) of individuals with low ABI over time averaged 3.60% (0.26%) among DSE participants compared to 3.14% (0.24%) among ILI participants: non-significant p=0.20. The prevalence (standard error) of individuals with high ABI over time averaged 7.52% (0.36%) among DSE participants compared to 7.59% (0.37%) among ILI participants: nonsignificant p=0.90. The mean maximum inter-artery systolic blood pressure difference among ankle sites was significantly larger among DSE compared to ILI participants: 20.6 (0.2) mmHg versus 19.7 (0.2) mmHg, respectively, p<0.001. Similarly, the mean inter-arm systolic blood pressure difference was significantly larger among DSE compared to ILI participants: 6.1 (0.1) mmHg versus 5.8 (0.1) mmHg, respectively, p=0.01. Including achieved percent weight losses as a timevarying covariate attenuated the statistical significance of these differences: p=0.11 for interankle differences and p=0.29 for inter-arm differences. Figures 1a and 1b portray the pattern of changes in the maximum differences in systolic blood pressure among ankle sites and absolute differences between left and right arms over time. Both of these measures tended to increase over time among individuals assigned to DSE. This progression appeared to be halted during the first two years of ILI, so that overall mean differences across follow-up for both measures reached statistical significance. Table 3 also examines the consistency of any intervention effects among subgroups based on gender, cardiovascular disease history, body mass index, age, and smoking history. Individuals assigned to ILI consistently had slightly lower prevalence of low ABI over time compared to DSE, however no differences and no interactions reached nominal statistical significance. There was little evidence of intervention effects on high ABI in any subgroup and no significant interactions. There was some evidence that the impact of ILI on decreasing inter-ankle blood pressure differences was stronger among individuals with no smoking history (interaction p=0.04). Inter-arm differences in systolic blood pressure appeared to be reduced by ILI more among women (interaction p<0.001) and non-smokers (interaction p=0.007).
During the first four years of the trial, 4 DSE and 11 ILI participants were adjudicated as having "peripheral angioplasty or thrombolysis (with or without stent)" or "peripheral vascular surgery:" censoring post-procedure data on these participants did not materially change any of the findings we report.
DISCUSSION Intervention Effects on Incidence of Low and High ABI
Risk factors for low ABI and peripheral arterial disease are generally similar to those for atherosclerosis and include hypertension, diabetes, smoking, dyslipidemia, and obesity (1, 8, 12, (18) (19) (20) (21) . Associations with weight change are less clear, perhaps because these may evolve only over extended time frames, may differ by gender, and may be confounded by unintentional weight loss (21-23). High ABI may reflect calcification of arterial walls, in addition to occlusive arterial disease and atherosclerosis (1) . Its risk factors have not been as intensively studied as for low ABI, however these include dyslipidemia, smoking, and abnormal BMI (19) .
Overall, Look AHEAD achieved 7.9% (Year 1) to 3.6% (Year 4) average difference in weight changes between its intervention groups and marked differences in levels of physical fitness (24, 25) . This has resulted in relative improvements in several risk factors for vascular disease, including blood pressure, lipids levels, and HbA1c levels (25, 26) . Despite these associations, prevalence rates of low ABI were only slightly, and not significantly lower among ILI compared to DSE participants. No intervention effect was apparent on the prevalence of high ABI, as well.
It may be that low and high ABI are not sensitive to changes in weight. Changes in ABI may only occur gradually (27): it may also be that four years is too short of a time frame to observe the effects of weight change, even in a large cohort. All participants were provided feedback on measured risk factors during the trial, which may have reduced differences; however, including changes in blood pressure and lipid levels during follow-up in analyses did not materially affect our findings (not reported). ILI did not reduce the risk of major cardiovascular disease events (26), which is consistent for our findings with respect to ABI.
Intervention Effect on Inter-artery Blood Pressure Differences
Larger differences in systolic blood pressure between left and right arms may signal increased risk of cardiovascular events and peripheral arterial disease (10, 11) . Factors that have been reported as being associated with larger differences include hypertension, diabetes, obesity, and peripheral vascular disease (9) (10) (11) (28) (29) (30) , however these associations have not been consistently found (31). Inter-arm systolic blood pressure differences exceeding 10 mmHg or 20 mmHg have been recommended as diagnostic criteria to detect significant localized stenosis (32).
The mean magnitude of absolute inter-arm differences at baseline that we report for the Look AHEAD, about 6 mmHg, is within the range (3 to 11 mmHg) reported for other cohorts (10, 28, 31) . We found that assignment to an intensive weight loss intervention led to a relative reduction in the interarm difference in systolic blood pressure of about 0.2 mmHg (p=0.01), which emerged during the first two years of intervention. Little appears to have been reported about other types of variability in interartery blood pressures. Within Look AHEAD, the maximum differences in systolic blood pressure measurements among ankle sites increased over time in both arms, however ILI was associated with a sustained relative reduction in the maximum differences of about 0.9 mmHg, with overall p<0.001. This difference also emerged within the first two years of intervention. For both of these measures, including weight loss as a time-varying covariate attenuated differences between intervention groups.
What do these intervention effects mean? It is possible that they reflect a reduction in the progression rate of localized stenosis within sites that the cutpoints used to identify low ABI lack the sensitivity to capture. Weight loss has been found to reduce a continuous measure of arterial stiffness (via pulse wave velocity) over one year (33). This effect was mediated by reductions in heart rate and inflammation, both of which were improved by the Look AHEAD intervention (34, 35) . It may also be that the intervention alters how blood pressures vary in response to existing localized stenosis. For example, weight loss may reduce intersite differences by lowering systolic blood pressure, which in turn decreases the blood pressure differentials associated with stenosis. In support of this, lower overall variability has been reported for individuals with lower blood pressures (28,29). Look AHEAD found that the interventions produced mean relative decrements in systolic blood pressure of 4.7 mmHg at Year 1, which declined to 1.3 mmHg at 4 years (25); however, while inclusion of changes in systolic blood pressure as a covariate in models attenuated differences between intervention groups, these remained statistically significant (p<0.05). Another possibility follows from decreased blood viscosity arising from weight loss (36): according to Poiseuille's law, the impact of stenosis on blood pressure is inversely related to blood viscosity (37).
Regardless of the source of the intervention effects that we see on inter-site blood pressure variability, their clinical significance is not clear. Future work will examine if these changes are related to the incidence of other potential adverse consequences of peripheral atherosclerosis, such as neuropathy or frailty (8, 31, 38) .
Subgroup Comparisons
There was little evidence that the ILI differentially affected the prevalence of low or high ABI among the subgroups we examined. The largest difference (nominal interaction p=0.12) was for a more pronounced intervention difference among individuals with a history of CVD, who had the highest overall prevalence of low ABI. For inter-artery differences, three interactions reached nominal significance. Inter-arm differences appeared to be reduced by ILI among women, but not among men, and among never smokers, but not among former or current smokers. It also appeared that the impact of ILI on inter-ankle differences among non-smokers was larger than for those with a smoking history. There is some evidence that markers of obesity are more strongly related to vascular disease among women than men (39). Smoking has been found to invert the expected positive relationship between body mass index and subclinical atherosclerosis in one report (40) .
Limitations
As volunteers eligible for a clinical trial, in part based on the ability to complete a maximal graded exercise test, the Look AHEAD cohort may not readily generalize to clinical populations, including those without diabetes. Three different protocols were used to assess ABI at baseline, however the differences in these with respect to bias has been shown to be minor (17) .
Summary
Four years of ILI to promote and maintain weight loss did not affect the risk of low or high ABI, however it did reduce differences among inter-arterial systolic blood pressure measurements.
20. Lu B, Zhou J, Waring ME, Parker DR, Eaton CB. Abdominal obesity and peripheral vascular disease in men and women: a comparison of waist-to-thigh ratio and waist circumference as measures of abdominal obesity. Atherosclerosis. 2010; 208:253-7. [PubMed: 19656509] . 2012; 18:CR65-71. [PubMed: 22293879] What is already known about this subject?
• Obesity is a strong risk factor for abnormal ankle brachial (ABI) and an established risk factor for peripheral vascular disease.
• Larger differences in systolic blood pressures between or among arterial sites may signal increased risk of cardiovascular events and peripheral arterial disease.
What this study adds
• Look AHEAD is the first randomized controlled clinical trial of long-term intensive lifestyle intervention of sufficient size and duration to examine whether weight loss reduces the prevalence of abnormal ABI. We report its primary findings for this outcome.
• We report that the Look AHEAD intensive lifestyle intervention significantly reduced interarterial blood pressure differences compared to diabetes support and education. Table 3 Prevalence and mean inter-artery systolic blood pressure differences across follow-up, with adjustment for baseline status: overall and for selected subgroups. 
